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I. INTRODUCTION
Most low voltage distribution networks were constructed a few decades ago and are reaching their capacity limits due to the natural load growth. On the other hand, customer load demand and power quality expectations have increased considerably in recent decades along with a rapid growth in the digital technology. When the large single-phase loads and rooftop Photovoltaic (PV) systems are used, although voltages are usually well balanced at the supply side, they can become unbalanced at the customer level due to the unequal distribution of single-phase loads and PVs [1] . The high number of rooftop PVs can also change the direction of power flow and lead to voltage rise along the feeder. In addition, most of the residential rooftop PV systems are singlephase units and their integrations into the three-phase networks might also cause unbalance issues due to their random locations and ratings [2] [3] . These are some of the main issues and challenges that most electrical utilities are currently encountering.
Several studies have been conducted to control and mitigate the above-mentioned voltage issues. In [4] , custom power devices such as dynamic voltage restorer (DVR) and distribution static compensator (DSTATCOM) are used for voltage correction within the network and it is shown that for voltage profile and voltage unbalance improvements, DSTATCOMs are more efficient than DVRs. Reference [5] has investigated the voltage unbalance issue at different locations along the LV feeders populated with rooftop PVs based on a Monte Carlo method. This research indicates that rooftop PV installations will have minor effect on the voltage unbalance at the beginning of a LV feeder designed with engineering judgments; however, the voltage unbalance might increase at the end of the feeder to more than the standard limit.
Reference [6] has analyzed the voltage variation sensitivity due to PV power fluctuation in unbalanced line configuration and phase loading levels in the network. This research is carried out based on many factors such as upstream sources, phase loads, PV power fluctuation, distribution line length, phase sequences, line geometries and conductor types. Reference [7] shows that rooftop PV inverters, when controlled in droop reactive power mode, can lead to improving the voltage profile in a low voltage feeder. In this method, the PV inverters control their output voltages to a fixed value by exchanging reactive power with the feeder. However, this research only focuses on threephase PVs. Reference [8] utilizes the droop-based active power curtailment to prevent overvoltage conditions in radial low voltage feeders. Reference [9] introduces a method that states a small signal can be modelled in the active droop control method of a two-loop feedback control system (designed for the active droop control) to achieve high efficiency transient response.
This paper investigates the possibility of two methods based on distributed reactive power control and active power curtailment by single-phase rooftop PVs in three-phase unbalanced low voltage residential feeders. It is assumed that proper voltage monitoring and transmitting devices are available throughout the feeders to provide data transfer among the controllers of the rooftop PV inverters. The main objective of this research is to regulate the voltage profile and reduce the voltage unbalance. The voltage regulation results are shown for a sample network based on MATLAB simulation results. Through the simulation results the effectiveness and limitations of these methods are discussed.
II. PROBLEM FORMULATION AND PROPOSED SOLUTION
Rooftop PVs inject active power during the day while most household loads are at their nominal levels. This can result in active power flow in the opposite direction toward the grid causing voltage rises beyond the acceptable levels at some nodes. On the other hand, unequal distribution of rooftop PVs will result in different voltage rises in the three phases of the feeder.
The injected reactive power and curtailed active power approaches can be applied for voltage amplitude control within the network. Recent studies have only considered three-phase PV systems; however, the situation can be very different when single-phase PVs are installed unequally at different phases and buses throughout the network and have different ratings. This paper discusses the possibility of utilizing distributed reactive power support and active power curtailment by rooftop PVs in order to regulate the network voltage profile.
A. Network Under Consideration
The selected test network is an 11 kV three-phase medium voltage feeder supplying a 415 V three-phase fourwire low voltage residential feeder (Fig. 1 ). This network topology is frequent in many countries including Australia [10] . The residential feeder is assumed to be unbalanced due to the distribution of loads and unequal distribution of single-phase rooftop PVs with different ratings. The network data is given in Table A1 in Appendix A.
B. Network Modelling and Analysis
An unbalanced sweep forward-backward load flow method is developed in MATLAB and used for the analysis of the three-phase four-wire radial network under consideration. The load flow calculates bus voltages along the feeder. This method is discussed in detail in Appendix B.
C. Proposed Smart-Grid Based Technique
Consider the LV feeder of Fig. 1 with 10 buses where each node may have single-phase PVs. Currently, based on IEEE recommended practice for utility interface of PV systems [11] , the PV inverters operate in constant output power mode. Under such conditions, they only inject current with unity power factor and do not affect the voltage at their point of common coupling (PCC). If the invetres are operated in voltage control mode, each PV can correct its own PCC voltage to a desired value by injecting or absorbing the required amount of reactive power ( , ). To minimiz PCC voltage error from its reference, each PV inverter needs to exchange reactive power with the feeder to keep the voltage of its output equal to the desired value based on the following droop control strategy:
, ,
(1) where m is a coefficient and will be assigned by the reactive power-voltage (Q-V) droop controller. The Q-V droop controller improves the dynamic oscillations between the reactive power and the voltage variation in the system. The droop control concept is shown in Fig. 2 . It is to be noted that the for rooftop PV inverters, the active powerfrequency (P-F) droop controller will not be used since frequency variation is very small in the stiff grid-connected distribution networks. The , calculated in (1) must be within the inverter capacity as
where , is the maximum apparent power of the PV inverter. If the required , is beyond its maximum injection or absorption capability, it will run on the maximum limits.
The proposed algorithm in this paper will define and calculate , based on the following conditions: 1-If a PV is available on all three phases of bus i, , at this bus is equal to the average of the voltage magnitudes of the three phases, i.e.
2-If a PV is available only on two phases of node i (e.g. on phases b and c),
, at this bus is equal to the voltage magnitude of the third phase (e.g. phase a).
3-If a PV is available only on one phase of bus i (e.g. on phase a),
, at bus i is equal to the average of the voltage magnitudes of the other two phases, i.e.
, , 1 3 , ,
4-If no PV is available on any of the phases of bus i, no , will be defined for that bus and its voltage will not be directly controlled. However, the voltage of this bus will be affected by the change of the voltages at the other buses of the feeder. Note that for each bus with rooftop PV, , , will be determined based on the data transmitted from the installed voltmeters at each phase to the rooftop PV controller. The required communuication infrustrure is not discussed as it is beyond the scope of this paper. However, it is can be assumed to be based on ZigBee technolog which is a low bandwidth, cost and loss telecommunication device and is well suited for PV applications.
The reactive power support is an efficient and recogzized apparch to control the voltage rise or drop in the network. Another effective option to control the voltage is curtailing output active power of the rooftop PVs ( ) . In this method, the output active power of the PVs, dicatated by the maximum power point tracking (MPPT) algorithm ( ) can be delibertaley reduced based on the error of the feeder voltage at a specific bus to prevent voltage rise or high voltage unbalance in the feeder, as
where n is a coefficient that needs to be defined to minimize the difference between the magnitudes of all three phase volatges.
As a further step, these two methods can be combined together within an optimization concept to achieve better results. This combined active and reactive power control method needs an optimization technique to achieve the best results and is not considered in this paper. 
III. SIMULATION RESULTS
For the network shown in Fig. 1 with the data provided in Table A1 , assuming no rooftop PVs installed in the network, the three-phase voltage profile is as shown in Fig. 3 . Now, let us assume that some single-phase rooftop PVs that only generate active power have been installed in the network as given in Table A2 . In this case, the three-phase voltage profile of the network is as shown in Fig. 4 . 
Case A-Distributed Reactive Power Support
In this case, we assume that each PV inverter has access to the voltage magnitude of the other phases at the same bus by the help of local voltmeters and the availability of a low bandwidth communication infrastructure. Under these conditions and based on the voltage magnitude at all three phases, a desired voltage magnitude is defined for each bus. Then, PV inverter at each bus is controlled such that the desired voltage magnitude is presented at its PCC. Figure 5 shows simulation results before and after applying the proposed voltage regulation approach. In this figure, the dashed lines represent the regulated voltage profile. Note that the three-phases have very similar voltage profiles along the feeder indicating significant reduction in voltage unbalance conditions. It is to be noted that in this case, it was assumed that 5 number of single-phase PVs are installed at buses 1,3,6,8 and 10 of phase-a, 3 number of single-phase PVs are installed at buses 3,6,9 of phase-b and 4 number of single-phase PVs are installed at buses 4,6,9 and 10 of phase-c. 
Case B-Distributed Active Power Curtailment
Assuming the availability of the data monitoring and transfer, as discussed earlier, let us now assume that the PV inverters are working based on only active power curtailment ( , 0 . Fig. 6 shows the three-phase voltage profile for a network before and after applying the active power curtailment. In this study, the coefficient of n is selected as 0.7 to be most effective. 
IV. LIMITATIONS OF THE PROPOSED SOLUTION
Although Fig. 5 shows that distributed reactive power support by the single-phase rooftop PVs is an efficient way of balancing the three-phase voltage profile in the network, this method highly depends on the number of PVs in each phase and their ratings. As an example, Fig. 7 shows the three-phase voltage profile of a network assuming 10 number of single-phase PVs are installed at all buses only at a certain phase (in this case phase-b only). It can be seen that, in this case, due to the number and ratings of the PVs, the distributed reactive power support method is not very effective in improving the voltage profile and reduction of voltage unbalance.
Similarly, the active power curtailment has also some limitations and its success highly depends on the number of PVs in each phase and their ratings. As an example, Fig. 8 shows the three-phase voltage profile assuming that 10 number of single-phase PVs are installed at all buses only at a certain phase (in this case phase-b only). It can be seen that, in this case, due to the number and ratings of the PVs, the distributed reactive power support method is not very effective in improving the voltage profile and reduction of voltage unbalance. 
V. CONCLUSION
Based on this infomartion, the controller of the PV inverters define a proper reference voltage for all threephases of the network at each bus and then the PV inverters control the voltage at that bus by exchanging reactive power with the grid. This can improve the voltage rise and voltage drop issues in the feeder. If only voltage rise problem is targeted, the curtailment of the output active power of the PVs can be a sucessful method.
The main limitation of both methods is their dependency on the number of PVs in each phase and their ratings. Through simulation results, it was shown that the methods can be sucessful or fail depending on the number of PVs on each phase and their ratings. However, the proposed methods will be successful and recommended for unbalanced three pahse networks with high pentartions of single-phase rooftop PVs.
As a future research, these two methods can be joined together and carried out as an optimization problem to minimize voltage unbalance and achieve the best voltage regulation along the feeder.
APPENDIX

A. Network Data
The network data, utilized in the simulation studies, are provided in Table A1 . The ratings and installation buses of the single-phase rooftop PVs are presented in Table A2 . 
B. Unbalanced Load Flow for a Radial Feeder
An unbalanced sweep forward-backward load flow [12] is considered and integrated into the developed model. The load flow calculates the bus voltages along the feeder.
For this, first, modified Carson's equations [12] are utilized for calculation of self and mutual impedance of the conductors in the 50 Hz system as (7) where i and j are the phase conductor (i.e. A, B, C or Neutral), Z ii is the self-impedance of conductor i (in Ω/km), Z ij is the mutual impedance between two conductors i and j (in Ω/km), r i is the AC resistance of conductor i (in Ω/km), GMR i is the Geometric Mean Radius of conductor i (in cm) and D ij is the distance between conductor i and j (in cm). Hence, the non-transposed characteristics of the conductors, image conductors below ground and network configuration are considered in the studies. Fig. 9(a) shows the considered line configuration in this study [10] . The three-phase fourwire line segment between two adjacent buses of k-1 and k is also shown in Fig. 9(b) . From (6) and (7), the equivalent impedance for this line section is expressed as Assuming the transformer with a delta/star-grounded connection, which is the common distribution transformed in Australia, and using Kron reduction, (8) can be rewritten as For simplicity, all calculations are carried out in per unit. Starting with a set of initial values (e.g. flat voltage set), the load currents are calculated as Load,k ] are respectively a vector of three-phase active and reactive power consumption of the residential load connected at bus k. The sum of the all load currents will flow from the first bus (transformer secondary side) to the second bus. Therefore, as shown in Fig. 9(c) (12) Once the voltage at bus k is calculated, the load current in that bus will be updated from (10) and then using (11) the current flowing from bus k to k+1 in its downstream are updated.
Similar to the line segment, the equivalent impedance of the delta/star-grounded distribution transformer between its primary and secondary buses is expressed as
(13) where z t is the phase impedance of the transformer and I is the identity matrix. Now, the secondary-side voltage of the transformer are calculated from its primary-side voltage as [12] 
